Two distinct types of eclogites from the Raspas Complex (Ecuador), which can be distinguished based on petrography and trace element geochemistry, were analyzed for their stable (Li, O) and radiogenic (Sr, Nd) isotope signature to constrain metasomatic changes due to fluid-overprinting in metabasaltic rocks at high-pressure conditions and to identify fluid sources. MORB-type eclogites are characterized by a relative LREE depletion similar to MORB. High-pressure (HP) minerals from this type of eclogite have highly variable oxygen isotope compositions (garnet: +4.1 to +9. 
INTRODUCTION
High-pressure metamorphic rocks represent natural probes into the subducting lithosphere and provide important information about pathways and processes of element cycling in subduction zones. The direct examination of subduction zone metamorphic rocks provides insight of how mass is redistributed during metamorphism (e.g., Bebout, 1991; Beinlich et al., 2010; Gao et al., 2007; John et al., 2008; King et al., 2004; Sorensen and Grossman, 1989; Spandler et al., 2003 Spandler et al., , 2004 , about the nature of slab-derived agents added to arc lava sources and about chemical changes in subducting rocks potentially contributing to the geochemical heterogeneity of the upper mantle (e.g., Bebout, 2007; Breeding et al., 2004 , John et al., 2004 . Increasing attention has been directed towards metasomatic processes within subducted rocks because metasomatic rocks can constitute new bulk compositions that can influence the redistribution of major and trace elements (Bebout, 2007; King et al., 2006 King et al., , 2007 Scambelluri et al., 2006; Zack and John, 2007) . Metasomatic rocks can also affect the composition of slab fluids as they may contain mineral assemblages that are able to transport water to great depths in the subduction zone (e.g., Schmidt and Poli, 1998) . Several studies have looked at the metasomatic overprint by slab-derived fluids/melts in the mantle wedge above the subducting slab (e.g., Halama et al., 2009; Paquin et al., 2004; Scambelluri et al., 2006; Zanetti et al., 1999) , but the metasomatic effects within the lithospheric slab itself have been relatively little studied (e.g., Beinlich et al., 2010; Marschall et al., 2009; Molina et al., 2002) . Fluids are important in catalyzing prograde metamorphic transformations, for instance during eclogitization processes (e.g., Austrheim, 1987; Putnis and John, 2010) . Fluids in highpressure (HP) metamorphic rocks also play a key role in promoting equilibration of isotopic systems used as geochronometers (Glodny et al., 2003) . Multimineral isochrons record fluidinduced recrystallization events rather than stages of cooling because full isotopic homogenization is not achieved in rocks that remain devoid of fluids (Glodny et al., 2003 (Glodny et al., , 2008 . Without fluids, isotopic resetting is kinetically locked or restricted to sluggish intermineral diffusion. In general, the modification of pre-subduction isotopic compositions by fluid-rock interaction at HP conditions is a common feature (Bebout, 2007; Berger et al., 2010; King et al., 2006) . During exhumation, HP subducted rocks can be incorporated into the subduction channel, i.e. the intensely serpentinized part of the mantle wedge above the surface of the subducted slab (e.g., Gerya et al., 2002) , and re-hydration and addition of fluidmobile elements from slab-derived fluids can be expected (Bebout, 1991; Horodyskyj et al., A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT 5 2009; Marschall et al., 2007a; Sorensen and Grossman, 1989; Sorensen et al., 1997; van der Straaten et al., 2008) .
Lithium is mobile in hydrous fluids and there is a strong isotopic fractionation between its two stable isotopes at low temperatures due to the large relative mass difference (~16%) (Tomascak, 2004) . Recent studies demonstrated that the Li isotope system is very sensitive to metasomatic enrichment processes (Marschall et al., 2009; Penniston-Dorland et al., 2010) . A pioneering study by Zack et al. (2003) interpreted low δ 7 Li values in orogenic eclogites as a result of Li isotopic fractionation during subduction dehydration, but the later investigation by Marschall et al. (2007b) , which incorporated new experimental data, showed that Li isotope fractionation is most likely due to diffusion. Metamorphic dehydration of shales is similarly unable to shift Li isotope signatures significantly (Teng et al., 2007) .
Unlike oxygen, lithium has trace concentrations in most rocks and has therefore a differing sensitivity to fluid-rock interaction than the O isotope system, which is widely used to constrain the extent of fluid flow and to distinguish between external and internal fluid sources (e.g., Barnicoat and Cartwright, 1995; Bebout and Barton, 1993; Zheng et al., 2003) .
The Rb-Sr system has been applied to provide constraints on sources and nature of fluids at depth (e.g., Glodny et al., 2003) , and Sr isotopes can indicate the presence of a metamorphic fluid in mélange rocks (King et al., 2006) or previous seafloor alteration (Miller et al., 1988) .
In contrast, Nd isotopes appear to behave more conservative (King et al., 2006) .
The major aims of this study are to characterize the geochemical and isotopic imprint of slab-derived fluids responsible for metasomatic changes in eclogites at HP conditions and to gain insight into element redistribution by metasomatic processes within the subducting lithosphere. We investigate a suite of HP metamorphic rocks from the Raspas Complex, Ecuador, which comprises two distinct types of eclogites together with blueschists, serpentinized peridotites and metasedimentary rocks. This sample set has been the subject of several detailed studies in which petrology, major and trace element geochemistry, fluid inclusions and N isotopic compositions have been investigated and where several lines of evidence point toward metasomatic changes Halama et al., 2010; Herms et al., submitted) . In this study, we combine stable (Li, O) and radiogenic (Sr, Nd) isotope data with in situ trace element data to unravel the metasomatic effects on the various isotopic systems, which prove to be sensitive to distinct processes happening in the subducting slab.
GEOLOGY AND SAMPLE DESCRIPTION
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Geological setting
The Raspas complex is a high-pressure metamorphic complex in the Andes of southwest Ecuador (Fig. 1) and constitutes the only known eclogite occurrence among the Andean HP rocks (Arculus et al., 1999; Feininger, 1980) . It represents an exhumed terrane fragment of oceanic lithosphere (Arculus et al., 1999) , which can be interpreted as a highpressure ophiolite . The complex is subdivided into the Raspas Formation, which comprises eclogites, blueschists and metasediments, and the El Toro Formation, which consists of eclogite-facies, serpentinized peridotites (Feininger, 1980; Gabriele et al., 2003) .
Peak P-T conditions for eclogites and garnet-chloritoid-kyanite metapelites are very similar at about 2 GPa and 550-600°C (Gabriele et al., 2003; John et al., 2010) . The partially serpentinized peridotites of the El Toro Formation locally host mafic dikes that have preserved eclogitic mineral assemblages, indicating subduction depths similar to those of the associated Raspas Formation (Gabriele, 2002) . The age of metamorphism in the Raspas complex has been dated by Lu-Hf and gave overlapping ages of around 130 Ma for garnet growth in eclogites, blueschists and metapelites .
The eclogites of the Raspas complex can be subdivided into eclogites with geochemical signatures typical of mid-ocean ridge basalt (MORB) and zoisite eclogites that are enriched in rare earth elements (REE) compared to the MORB-type eclogites. In the isolated outcrops within the Quebrada Raspas, macroscopic differences were not identifiable, impeding clarification of contact relations. Whereas MORB-type eclogites are widespread, the occurrence of zoisite eclogites is spatially restricted to a canyon of the Rio Raspas ("Cañón Eclogita"; Feininger, 1978) . The MORB-type eclogites are interpreted to represent former mid-ocean ridge oceanic crust . They have experienced seafloor alteration , were subsequently transformed into blueschists and eventually dehydrated to become eclogites. In contrast, formation of the zoisite eclogites is attributed to a fluid-induced HP metasomatic overprint. Sample locations, petrography and mineral chemistry of the samples analyzed in this study have been described in accompanying studies Herms et al., submitted; John et al., 2010) , so that key features are only briefly summarized here.
MORB-type eclogites and amphibole eclogite
Major mineral phases in the MORB-type eclogites are garnet + omphacite + rutile + amphibole ± quartz ± phengite. Accessory phases include rutile, quartz, phengite, carbonate depleted. The amount of amphibole appears to be related to the amount of fluid available during the prograde metamorphic evolution .
Zoisite eclogites and zoisite vein
Zoisite eclogites are characterized by subhedral to anhedral zoisite as major mineral constituent (5-20 vol.%). Zoisite veins of mm-to dm-thickness are always spatially close to the zoisite eclogites on outcrop scale and cut the schistosity of the eclogites discordantly. . (Liebscher et al., 2007) , several lines of evidence point towards a fluid origin for the Raspas zoisite veins: Relatively low peak P-T conditions with ~600°C at 1.8 GPa (vs. 680-750°C at 2.3-3.1 GPa for the zoisite pegmatites) and the essentially monomineralic character (vs. the occurrence of zoisite in a plagioclase-quartz matrix with amphibole). Significant geochemical differences to zoisite pegmatites (Liebscher et al., 2007) and sediment melts (Johnson and Plank, 1999) , such as low SiO 2 , low Na 2 O and high CaO contents, also support a fluid origin of the veins.
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Associated blueschists, metasedimentary rocks and peridotites
Rocks associated with the eclogites in the Raspas complex were investigated to evaluate their geochemical relationship to the eclogites and to potential metasomatic agents.
Blueschists contain bluish amphibole with greenish-to brownish cores, garnet, clinozoisite, omphacite, paragonite, phengite, quartz, titanite and rutile. They have trace element characteristics suggesting an affinity to seamounts . The metasedimentary rocks are graphite-bearing garnet mica-schists interpreted as dominantly terrigenous sediments deposited at the Andean continental margin and incorporated into an accretionary prism (Bosch et al., 2002) , but less silicic, metavolcanic schists also occur. The peridotites from the El Toro formation are serpentinized to variable degrees (≤ 10 to 95%). They contain antigorite, chlorite, amphibole, spinel (chromite and magnetite), titanian clinohumite, carbonate and chrysotile. In less serpentinized rocks, primary olivine, orthopyroxene and clinopyroxene may be preserved. Geochemically, they resemble depleted mantle in sample SEC 29-2. For the time-resolved laser ablation, NIST 612 glass was used for instrument calibration and NIST 610 and NIST 614 were used as secondary standards (Pearce et al., 1997) . Reproducibility, accuracy and precision of the method were controlled by repeated analyses of the NIST standards, with a precision usually better than 10% (see Schulz et al. (2006) for details). Signal quantification was conducted using the Glitter Version 3.0
Online Interactive Data Reduction for LA-ICP-MS Program (Macquarie Research Ltd.).
Some of the in situ trace element data, focusing on zoisite and omphacite, are published in an accompanying paper (Herms et al., submitted) , and hence we concentrate in this study on trace element contents in garnet and, in particular, on Li in the various minerals.
Oxygen isotopic analyses
The oxygen isotope composition of handpicked and ultrasonically cleaned mineral separates was measured using a laser fluorination method similar to that described by Sharp (1990) . Details about the analytical protocol and the mass spectrometric measurements can be found in Pack et al. (2007) . In brief, samples are fluorinated using a 50 W CO 2 laser and purified F 2 gas. The extracted O 2 is trapped on a 5Å molecular sieve. Analyses of O 2 gas were carried out using a conventional dual inlet system of a Finnigan Delta plus mass spectrometer.
Results are reported as the per mil deviation from Vienna Standard Mean Ocean Water (V-SMOW) in the standard δ-notation. Measurements of the UWG-2 garnet reference material gave δ 18 O = 5.66 ± 0.08 ‰ (1σ, n=9), in good agreement with the reference value of + 5.74 ± 0.15 ‰ given by Valley et al. (1995) . Based on long-term reproducibility, an analytical uncertainty of ±0.2 ‰ is assumed for the samples analyzed in this study.
Strontium and neodymium isotopic analyses
Sr and Nd isotopic analyses used sample solutions from ICP-MS trace element measurements (see John et al. (2008) for details of the dissolution procedures) by sequential evaporation of the ca 50ml diluted HNO 3 solution and conversion of the sample matrix into chloride form. The ion exchange procedures followed those described in Hoernle and Tilton (1991) . Isotopic ratios were determined in static multi-collection on a Finnigan MAT262 (Sr) and a Thermo-Finnigan TRITON (Nd) thermal ionization mass spectrometer (TIMS) at IFM-GEOMAR in Kiel, Germany. Sr and Nd isotopic ratios are normalized within run to 86 Sr / 
Lithium isotopic analyses
For Li isotopic analyses, samples were initially dissolved in a HF-HNO 3 mixture.
Detailed procedures for sample dissolution and column chemistry are reported in . After purification of Li on a cation exchange resin (Bio-Rad AG50w-X12), Li isotopic measurements were carried out using a Nu Plasma MC-ICP-MS at the University of Maryland. Details of the instrumental analysis are given by Teng et al. (2004) . Each sample analysis is bracketed by measurements of the L-SVEC standard and the δ 7 Li value of the sample is calculated relative to the average of the two bracketing L-SVEC runs. Two standard solutions, IRMM-016 (Qi et al., 1997) and the in-house UMD-1 standard (a purified Li solution from Alfa Aesar ® ) were routinely analyzed during the course of each analytical session. Results for both (IRMM-016: δ 7 Li = +0.2 ± 0.4 ‰ (2σ, n=6); UMD-1: δ 7 Li = +54.9 ± 0.8 ‰ (2σ, n=7) agree well with previously published data (e.g. Halama et al., 2007 Halama et al., , 2008 Rudnick et al. 2004) . Two international reference materials were analyzed during the course of this study to evaluate the accuracy of the measurements. Basalt BHVO-1 gave δ 7 Li = 4.6 ± 1.0 ‰ (2σ, n=4) and muscovite-quartz schist SDC-1 gave δ 7 Li = 2.0 ± 0.9 ‰ (2σ, n=6 with two different dissolutions). The external precision of Li isotopic analyses, based on 2σ of repeat runs of pure Li standard solutions and rock solutions over a four-year period, is ≤ ± 1.0 ‰ (Teng et al., 2004 (Teng et al., , 2007 .
Results
Li concentrations in minerals and zoning of REE and Li in garnet
Representative trace element analyses of garnets from Raspas eclogites are given in Table 1 , and typical chondrite-normalized REE diagrams of garnet cores and rims as well as
Li concentrations data from garnet, omphacite and amphibole are presented in Figs. 2-4.
Garnets from both the MORB-type eclogites and the zoisite eclogites have very similar REE concentrations and patterns. LREE are typically below the detection limit and the REE patterns from Sm to Lu are distinct for garnet cores and rims ( Lithium contents in garnets from MORB-type eclogites (typically 1-8 ppm Li) are on average lower than in those from zoisite eclogites, where cores have up to 30 ppm Li (Fig. 3) .
Large garnet porphyroblasts (> 1 mm) in the zoisite eclogites consistently show decreasing Li contents from core to rim that correlate with decreasing X Fe values and HREE contents ( 
Oxygen isotope compositions of mineral separates
Oxygen isotope data for mineral separates are presented in Table 2 and shown in Fig 
Sr and Nd isotope compositions
Rubidium, Sr, Sm and Nd concentrations and Rb-Sr and Sm-Nd isotopic compositions are shown in Table 3 
Lithium whole-rock concentrations and isotope compositions
Lithium concentration and isotope data are summarized in 
Discussion
MORB-type eclogites: Evidence for seafloor alteration
The observed isotopic compositional variations in the MORB-type eclogites may, in principle, be caused by primary protolith heterogeneity, differences in the intensity of hydrothermal alteration of the oceanic crust, metasomatism in the subduction zone, heterogeneous overprinting by fluids during exhumation or low-T secondary alteration (e.g. Barnicoat and Cartwright, 1995; Bebout, 2007; Zheng et al., 2003) . Since chondritenormalized REE patterns and initial Nd isotopic ratios are very similar for the MORB-type eclogites, primary protolith heterogeneity is considered unlikely. Both retrograde overprinting and late stage, exhumation-related low-T alteration can be excluded based on the lack of textural evidence and because the major mineral phases (garnet (grt), omphacite (omp), amphibole, phengite (phe)) are in or near elemental and isotopic equilibrium. For instance, to 800°C based on calculations using the modified increment method (Zheng, 1993a (Zheng, , 1993b .
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Deviations in omphacite-garnet O isotope thermometry from peak-metamorphic temperatures may be related to temperature changes during garnet growth, which would make high spatial resolution data necessary to obtain reliable temperature estimates (Wiechert et al., 2002) . In addition to the elemental and isotopic equilibration, REE patterns in garnet show prograde metamorphic growth with no indication for late disturbances (Fig. 2) . HREE, which are compatible in garnet, are highly enriched in the cores, but have lower concentrations in the rims due to preferential HREE incorporation in the cores that grew earlier.
Oxygen isotope signatures of ocean-floor basalts are generally preserved through subduction-zone metamorphism, although δ 18 O can locally be modified (e.g., Barnicoat and Cartwright, 1995) . Devolatilization of subducting rocks is not considered to produce appreciable shifts in the O isotope composition because the majority of the O reservoir is retained in the residue (Bebout, 2007) , and prograde metamorphic effects are thought not to lower δ 18 O of a rock by more than 1-2 ‰ (Valley, 1986) . The O isotope composition of the constituent minerals of the MORB-type eclogites falls into the range typically observed for low-temperature altered oceanic crust (Fig. 5) . Very similar values in δ 18 O for garnet (+9.2 to +11.5 ‰) and omphacite (+10.2 to +12.8 ‰) were observed in HP mafic rocks from Greece and interpreted as the result of low-T alteration by seawater (Putlitz et al., 2000) . The seafloor-altered basalts are enriched in 18 O due to large positive O isotopic fractionation between clay minerals and water (Miller et al., 1988) . Inheritance from pre-subduction basaltic precursors was also invoked to explain a large range in δ 18 O of garnet (-4.6 to +6.0 ‰) from eclogites in the Dabie and Sulu terranes, China (Yui et al., 1997) . As garnet is the most resistant mineral among the HP minerals to isotopic exchange during cooling (Gregory and Criss, 1986) and prograde variations in δ 18 O in garnet are relatively small (< 1 ‰; e.g., Wiechert et al., 2002) , it is concluded that the O isotope variations in minerals of the MORBtype eclogites reflect the effects of variable pre-subduction seafloor alteration. This is in agreement with certain correlations between trace elements and trace element ratios in these rocks that follow seafloor alteration trends (e.g. Nb/U vs. U; Halama et al., 2010) .
Additional support for a pre-subduction seafloor alteration in the MORB-type eclogites comes from Sr isotopes. The trend on the Sr-Nd isotope diagram is different from the mantle array, and the Sr isotope ratios appear to be shifted to higher values (Fig. 6) , which reflects the effects expected from seafloor alteration (Staudigel et al., 1981) . The amphibole eclogite with the most radiogenic Sr isotope composition is likely to have suffered the most intense alteration. Seafloor alteration accompanied by Sr isotope exchange (McCulloch et al., 1981) was also the preferred interpretation to explain a wide range in Sr isotopic values in studies on eclogites from the Eastern Alps (Miller et al., 1988) and metabasalts from the Franciscan complex (Nelson, 1995) . A weak correlation (not shown) of O and Sr isotopes in the MORB-type eclogites confirms that seafloor alteration was an important process in the history of these rocks.
MORB-type eclogites: Internal Li metasomatism at HP conditions
Enrichment of Li in metamorphic rocks is a sensitive tracer of metasomatic processes (Marschall et al., 2009; Penniston-Dorland et al., 2010) and a comparison of the Raspas eclogites with submarine basalts can yield insights into fluid-rock interaction and Li mobility during subduction. The Li abundances in some of the MORB-type eclogites (11-94 ppm) are higher than the majority of published values for Li in igneous oceanic rocks. For instance, fresh oceanic crust has 3-8 ppm Li (Niu and Batiza, 1997) , altered oceanic crust 1-35 ppm Li (Chan et al., 2002) and differentiated oceanic crust 10-30 ppm Li (Ryan and Langmuir, 1987) .
Lithium enrichment is also evident from a plot of Li/Dy versus Hf/Yb (Fig. 7a) , where Dy is used as an element with an incompatibility similar to Li (Ryan and Langmuir, 1987) to eliminate effects of magmatic processes such as fractional crystallization, and Hf/Yb is used as a proxy for mantle source characteristics (John et al., 2004) . There is a clear Li enrichment compared to fresh MORB, and many of the MORB-type eclogites have Li/Dy ratios significantly higher than typical AOC as well. These features suggest addition of Li after the onset of subduction, during eclogitization or exhumation. Lithium addition has not only been suggested for eclogites and other HP rocks, where it seems to be a common feature (Marschall et al., 2007b; Penniston-Dorland et al., 2010; Simons et al., 2010) , but also in peridotites in a supra-subduction zone setting (Paquin et al., 2004) , indicating a high Li mobility in deep subduction zone environments. (Chan et al., 1992; Marschall et al., 2007b) . However, there is no indication of positive correlation between Li concentrations and δ 7 Li in the MORB-type eclogites, suggesting that the Li isotopic signature was acquired due to metasomatic processes during subduction (Fig. 7c) . Fresh and altered oceanic crust generally has positive δ 7 Li values (e.g. Chan et al., 1992 Chan et al., , 2002 , and dehydration causes only small changes in Li isotope ratios in subducting crust (Marschall et al., 2007b) . A simple Rayleigh distillation model (Fig. 7c) demonstrates that dehydration alone cannot account for δ 7 Li values <0 ‰, in agreement with a more complex incremental dehydration model, which incorporates the temperature-dependence of partition coefficients and fractionation factors (Marschall et al., 2007b) . Therefore, the light δ 7 Li values of the Raspas MORB-type eclogites can best be explained by kinetic isotope fractionation during diffusive transport of Li through the eclogite body. This process produces low δ 7 Li in the rock into which Li is diffusing from the fluid due to the higher diffusivity of the light 6 Li isotope (Richter et al., 2003) . The elevated Li concentrations and the related low δ 7 Li values may be explained by the diffusive transport in an internal fluid or could result from external fluids, in either case demonstrating a relatively high mobility of Li. However, the large range in wholerock Li concentrations and differences in Li content of omphacite between the different samples ( Fig. 3 ) exclude a long-termed connectivity of the fluid system and point to fluid flow dominantly along grain boundaries. These characteristics are interpreted to reflect the effects of spatially restricted, non-penetrative metasomatism in the MORB-type eclogites.
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Lithium isotope fractionation between co-existing minerals can be used to evaluate Li isotope equilibria. For instance, inter-mineral isotopic variations in granulite xenoliths were related to diffusion-driven isotope fractionation (Teng et al., 2008) based on the large difference in diffusion rates between Li isotopes (Richter et al., 2003) . In the Raspas eclogites, Li substitutes for Mg in 6-fold coordination in omphacite (Wunder et al., 2006) , whereas Li can also occupy the M4(B)-site in 5-fold coordination in amphiboles (Wenger and Armbruster, 1991) . For garnet, Li substitution mechanisms are difficult to confirm (Hanrahan et al., 2009 ). The correlation between Yb 3+ and Li + in individual garnets (Fig. 4) suggests that
Li may replace HREE and Y, which occupy the 8-fold coordinated site (Meagher, 1982) . Li would also occupy the 8-fold coordinated site if it substitutes for Mg, as in other Fe-Mg silicates (Wunder et al., 2006) . Then, for equilibrium fractionation, the Li isotopic signature in garnet should be lighter than in omphacite because the lighter isotope prefers the more highly coordinated site with the lower bond energy. The positive ∆ 7 Li garnet-omphacite of the MORB-type eclogite can therefore be interpreted as a disequilibrium feature. In any case, the samples analyzed vary unsystematically in their inter-mineral fractionation factors. Garnetomphacite pairs from Guatemalan eclogites similarly gave non-systematic Li isotopic differences (∆ 7 Li garnet-omphacite = -5.3 to +1.6; Simons et al., 2010) . Clearly, Li isotope disequilibria are recorded in at least some of the HP rocks, which can be explained by kinetic Li isotope fractionation. Hence, the unsystematic differences observed for Li isotope fractionation between coexisting garnet and omphacite/amphibole suggest inter-mineral Li isotope disequilibria, which support the idea of diffusion-driven isotope fractionation. MORB-like Nd isotopic signatures and whole-rock REE patterns argue against an exotic fluid component and point towards a local fluid source. Only the highly mobile and fast diffusing Li, which diffuses 2-3 orders of magnitude faster than most other elements (Richter et al., 2003) and which is enriched in the fluid relative to the rock (e.g. Marschall et al., 2007a) , was able to leave a geochemical imprint of the high-pressure fluid flow in the surrounding rocks.
Whereas Li concentrations and
Consequently, the fluid release during the conversion of blueschist-facies metabasalts, representing altered and hydrated oceanic crust, to almost dry eclogite, here represented by the Raspas MORB-type eclogites, leads to low fluid fluxes at the site of dehydration and thus to a minor element mobility potential for isotope homogenization (e.g., Spandler et al., 2003) .
The fluid phase may occur as little as a layer of OH molecules in the grain boundary network of UHP rocks (e.g., Zheng et al., 2002) . Moreover, the released fluids are at or near equilibrium with the dehydrating host rocks and relatively diluted (Manning, 2004) , further limiting the potential for chemical changes. Only where these fluids become channelized and higher fluxes will be reached more significant chemical feedback is to be expected (Spandler and Hermann, 2006; Zack and John, 2007) .
Zoisite eclogites: Fluid infiltration and external metasomatic effects
The ubiquitous presence of zoisite, the occurrence of fluid inclusions in garnet, omphacite and zoisite, the association with zoisite veins and bulk rock enrichment in LREE and other trace elements (Pb, Sr, Th, U, Nb, Ta, Zr, Hf) indicates that the zoisite eclogites have experienced a pervasive metasomatic enrichment. Although REE and HFSE are often considered as relatively immobile, fluid-mobility of these elements has been described in several cases (e.g., Gao et al., 2007; Gieré and Williams, 1992) . (Fig. 4) . This is surprising as Li is usually considered relatively incompatible in garnet, with Li partition coefficients D grt-fluid in the range 0.005-0.008 (Brenan et al., 1998; Marschall et al., 2007a) . A plausible explanation for the Li decrease during prograde garnet growth is a coupled substitution of Li + and HREE 3+ with 2 Mg,Fe 2+ . Garnet rims that grew during peakmetasomatic conditions are relatively Li-poor due to co-crystallization of omphacite, which strongly prefers Li relative to garnet (Marschall et al., 2007a) . Comparing the different zoisite eclogite samples, Li contents in omphacite are relatively homogenous, suggesting a more penetrative metasomatism than in the MORB-type eclogites and/or re-equilibration in omphacite aided by the presence of the metasomatic fluid.
Oxygen isotope compositions of garnet from the zoisite eclogites show a smaller range than the MORB-type eclogites, but still with observable differences between samples (Fig. 5 ).
This suggests a metasomatic overprint that did not entirely lead to full equilibration (Baker et al., 1997) . O isotopic fractionation between individual mineral pairs including garnet is mostly out of equilibrium. For instance, ∆ 18 O omph-grt is always negative (-0.7 to -2.3 ‰), whereas positive fractionations are to be expected at eclogite-facies equilibrium conditions. Disequilibria between zoisite and garnet for two of the three analyzed zoisite eclogite samples (SEC 31-2-2 and 31-2-3 with ∆ 18 O zoisite-grt = -0.8 and -1.8 ‰, respectively) are also evident compared to the theoretical values for equilibrium O isotope fractionation at 500-800 °C (∆ 18 O zoisite-grt = +1.6 to +0.9 ‰; calculated based on Zheng, 1993a Zheng, , 1993b ) and point to an external fluid source and partial equilibration only, related to different reactivities among the affected minerals. Zoisite-omphacite pairs of the Raspas zoisite eclogites, however, are close to equilibrium for two samples, suggesting that both these minerals have equilibrated with the metasomatic fluid more fully than garnet. In summary, the O isotope fractionation in the zoisite eclogites shows variable deviations from equilibrium, which has to be explained. Since there are no relics of a magmatic texture in the zoisite eclogites, inheritance from precursor minerals is an unlikely reason for the disequilibria. Accessory mineral inclusions in garnet and omphacite are not more abundant than in the MORB-type eclogites, so they are probably also not the major cause for disequilibria. One possible explanation, advocated by Zheng et al. (1993b) , states that omphacite recrystallized by incorporating structural OH, which is significantly depleted in 18 O relative to anhydrous silicates. On the other hand, garnet is considered as most resistant to O isotopic changes via fluid infiltration due to its low solubility (Gregory and Criss, 1986) , and hence, garnet cores may not have reached isotopic (Gregory and Taylor, 1986) . This would imply that garnet rims have a lighter O isotopic signature than garnet cores. Such a feature has been observed in regional metamorphic garnets from Vermont and accordingly, the O isotope zoning pattern was interpreted as a result of fluid infiltration during later stages of garnet growth (Chamberlain and Conrad, 1991) .
A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT
The homogeneous Sr-Nd isotopic compositions of the zoisite eclogites are similar to the one of the zoisite vein and suggest that this signature is completely inherited from the veinforming metasomatic fluid (Fig. 6 ). This similarity in the Sr-Nd isotope signature is also a strong argument against inheritance from the zoisite eclogites' precursor rock. Instead, the metasomatic formation of zoisite in the eclogites by the vein-forming fluids is the cause for the Sr-Nd isotope homogenization, because zoisite is the main carrier of both Sr (up to ~8000 ppm) and Nd (up to ~600 ppm) (Herms et al., submitted) . However, the small spread in 147 Sm/ 144 Nd ratios (0.115-0.121) and the very low concentrations of radiogenic 87 Rb coupled to an extremely small spread in 87 Rb/ 86 Sr ratios (0.008-0.016) does not permit to define a reasonable isochron. A fluid-dominated Sr isotope signal was also observed in HP mélange rocks from the Catalina Schist (California), although Nd isotopes behaved more conservatively in this case (King et al., 2006) .
Like the MORB-type eclogites, the zoisite eclogites are enriched in Li and characterized by negative δ 7 Li values. The most straightforward explanation is a fluidinduced Li enrichment coupled with kinetic Li isotope fractionation, as for the MORB-type eclogites and other orogenic eclogites worldwide (Marschall et al., 2007b) . In the blueschists, more homogeneous and mostly positive δ 7 Li values point to less intense metasomatic effects.
In summary, Sr-Nd-O-Li isotope systematics of the zoisite eclogites provide clear evidence for pervasive metasomatism along vein-like flow structures involving a channelized external fluid. A major difference to the limited chemical changes in the MORB-type eclogites is that the zoisite eclogites were affected by larger fluid fluxes that interacted more intensely with a higher proportion of minerals. The system was fluid-dominated and consequently, the zoisite eclogites were significantly affected by the chemical load of the fluid.
Constraints on fluid sources
Three potential fluid source rocks are to be considered to be of importance in generating the metasomatic subduction zone fluids responsible for the chemical and isotopic changes observed in the Raspas eclogites: Subducted basaltic oceanic crust, the overlying subducted sediments and deserpentinizing mantle rock, which may include both subducted abyssal peridotites and fore-arc mantle wedge.
In the MORB-type eclogites, the constant, MORB-like εNd values and the preservation of a seafloor alteration trend in the Sr isotopes suggest that input from sedimentary sources, which have much less radiogenic Nd isotope signatures than MORB, could not have been significant (Fig. 6 ). High-pressure serpentinites, associated dehydration Marschall et al., 2007a) . Although the Li isotopic signature of MORB dehydration fluids is likely to be positive and elevated, this signal will be erased by diffusive isotope fractionation of Li isotopes during fluid-rock interaction. A negative correlation of δ 7 Li with δ 15 N (Fig. 7d) for MORB-type eclogites and blueschists suggests that the metasomatic event produced correlated changes in both parameters.
However, more data are required to evaluate whether these trends indicate a correlated magnitude of metasomatic alteration or whether N isotopes may also be significantly fractionated by diffusion.
A detailed fluid inclusion study by Herms et al. (submitted) Global subducted sediment has Li concentrations of 2-75 ppm (Bouman et al., 2004) and a mass-weighted mean of 43.3 ppm Li (Chan et al., 2006) , and sediment-derived fluids would be even more enriched if a mineral-fluid partition coefficient of 0.2 (Brenan et al., 1998) were taken into account. Subducted metasediments may contain >10 modal % of chlorite (Li et al., 2008) , which can incorporate significant amounts of Li (up to 100 ppm; Bebout et al., 2007) . Chlorite breakdown to garnet and H 2 O releases 1.4 wt.% of H 2 O at depths of 50-60 km, hence these sediment-derived fluids will be Li-rich. This depth range is close to the peak P-T conditions of the Raspas eclogites, suggesting that fluids derived from chlorite breakdown in metasediments may have been a component of the metasomatizing agent.
The O isotope composition of an aqueous fluid in equilibrium with vein zoisite can be calculated based on zoisite-water fractionation factors given by Zheng (1993b) . At temperatures of 500-600°C, the fluid composition would be in the range +13 to +13.5‰.
These elevated δ 18 O values in the fluid are best reconciled with a fluid derived from the dehydration of oceanic sediments (δ 18 O = +11.5 to +28.5‰; Savin and Epstein, 1970) . Most importantly, the negative εNd values make a fluid component derived from subducted sediments most plausible. Although altered oceanic peridotites (Snow and Reisberg, 1995) have Sr-Nd isotope signatures similar to the zoisite eclogites, a sole contribution of an altered peridotite source to the Raspas zoisite eclogites is unlikely because of two reasons: First, harzburgite and serpentinite from the Raspas complex, which constitute a potential fluid source, do not show the required Sr-Nd isotope characteristics (Bosch et al., 2002) . Second, extremely low Nd contents (< 1 ppm) and generally low Sr contents (< 10 ppm) in the altered peridotites would require a contributions of > 99% from this source to reach the zoisite eclogite composition if bulk mixing is assumed and > 90% if a 20fold enrichment of Sr and
Nd is taken into account for a hypothetical fluid derived from the altered peridotites. Such a large external input to generate the zoisite eclogites is highly unlikely because they still have overall basaltic major element chemistry.
Mixing of sedimentary components to a MORB-like eclogitic component is illustrated by several mixing lines in Fig. 6 . As bulk mixing is unlikely, the curves simply illustrate the consequences of contamination of the eclogite with (meta)sedimentary contaminants with moderately high 87 Sr/ 86 Sr ratios and highly negative εNd values. The actual contamination process will be complex, as it involves fluid for which compositions are more difficult to constrain as well as mineral phases that have different dissolution and precipitation rates while reacting with the fluid (e.g., Putnis and John, 2010 This suggests that a fluid component derived from terrigenous sediments was involved in the genesis of the zoisite eclogites. A contribution from metasediments is also indicated by the elevated LREE and LILE contents in the zoisite eclogites (Spandler et al., 2003 (Spandler et al., , 2004 , even though some of these fluid-mobile elements can also be enriched in serpentinites (Paulick et al., 2006; Scambelluri et al., 2001) and may be mobilized during channelized fluid flow in subducted oceanic crust (Zack and John, 2007) .
Having established that a (meta)sedimentary fluid component was added to the fluid flux through the slab, which probably is largely derived from serpentinite dehydration, we will now evaluate how these fluids were mixed and how they metasomatized the eclogitized basaltic crust. A first possibility is that the fluid is derived from sediments that were more deeply subducted than the eclogites, causing fluid flow along the slab-wedge interface that could enter the eclogites at a somewhat higher structural level, mixing along their way with serpentine-derived fluid. A second option is that sediments were intercalated with the oceanic crust, and trace elements from these sediments were either leached from a passing serpentinite-derived fluid or mobilized by dehydration reactions, such as breakdown of chlorite. A distinction of these models based on geochemical data is not possible, but both scenarios are conceivable for the Raspas Complex.
A C C E P T E D M A N U S C R I P T omphacite and zoisite, were in particular affected, whereas garnet was the least reactive mineral.
5.
The source of the metasomatic fluid affecting the MORB-type eclogites is probably derived from dehydration of oceanic crust with only localized occurrence. In contrast, the fluid that caused pervasive metasomatism in the zoisite eclogites is considered a mixture of serpentinite dehydration fluid with a sedimentary component.
6.
Chemical processing of subducted rocks by metasomatic fluids can significantly alter the precursor geochemistry and should be considered in any attempt to trace or mass-balance recycling at convergent margins. Table 1) . Filled and open symbols are core and rim compositions, respectively (C = core, R = rim). and garnet at eclogite-facies conditions after Zheng et al. (2003) . The dark grey field shows the limits of zoisite-garnet equilibrium fractionation at 500-700 °C, calculated based on Zheng (1993a Zheng ( , 1993b . Note that, within analytical uncertainty, all omphacite-garnet pairs from the MORB-type eclogites fall into the equilibrium fractionation field, whereas the pairs from the zoisite eclogites do not. Two of the zoisite-garnet pairs are also well outside O isotope equilibrium fractionation.
isotope ratio of X in a mixture M of components A and B, X A and X B are concentrations of X in A and B, and f is the weight fraction of A in the mixture. Tick marks denote 10% intervals.
Symbol size is larger than analytical uncertainty. Field of subducted sediments is based on data from Plank and Langmuir (1998) and Vroon et al. (1995) . SAT = Southern Antilles Marschall et al. (2007b) . Small grey dots are orogenic eclogites (Zack et al., 2003; Marschall et al., 2007b) . Dehydration curves were modeled in a similar fashion to the Rayleigh distillation models from Zack et al. (2003) , using a bulk solid-liquid (Wunder et al., 2006) . MTEC = MORB-type eclogite, AEC = amphibole eclogite, ZEC = zoisite eclogite m = measured; numbers in parentheses give the internal error of the measurement referring to the last significant digit i = initial; initial Sr and Nd isotopic compositions were calculated for T = 130 Ma Rb, Sr, Sm and Nd concentration data are from John et al. (2010) and Halama et al. (2010) John et al. (2010) and Halama et al. (2010) 
